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Abstract

Air sparging is a popular remediation technology for treating soil and groundwater contaminated
with volatile organic compounds (VOCs). The VOC removal process during air sparging is
rendered ineffective because of the random formation of air channels, creating preferential paths
for airflow and, in turn, limiting remediation to these channels referred to as zone of influence
(ZOI). Pulsation is a popular method used to improve the effectiveness of air sparging through
cyclic operation, which is more time-consuming. This paper presents a laboratory investigation
of the effects of initial and further increases in the injected air’s pressure on airflow pattern within
a glass-bead medium used as an analogous medium to soil. Digital images of the airflow patterns
were collected; these images show an increase in the radius of influence (ROI) and ZOI due to
the initial air-pressure increase, especially when a higher overburden pressure (dry soil simulant)
is available above the water-saturated zone. Further increases in the air pressure seem to have no
measurable effect on the ROI and the shape of the ZOI.
Keywords: remediation, air sparging, airflow, zone of influence, radius of influence, pressure
Introduction
Groundwater contamination has become a widespread problem in need of urgent attention from various federal and state
agencies. Thus, remediation of contaminated soil and groundwater is of interest to these agencies. Several remediation
techniques have been used to remove contaminants, among which air sparging is very popular (Johnson et al., 1998;
Michael and Ken, 2006). Air sparging is an in-situ technique used for remediation of groundwater and saturated soils
contaminated with volatile organic compounds (VOCs). Air sparging came into existence about 1985 in Germany and is
becoming increasingly popular in the United States.
Soil vapor extraction (SVE) is another common treatment technology used alone or more often in conjunction with air
sparging to remediate soil above the water table (i.e., within the vadose zone) where volatile contaminants are removed
from the soil by vacuum pumps. SVE is effective for the remediation of the vadose zone but cannot be employed in the
saturated zone. It is usually used in combination with air sparging to extract VOCs already volatilized by air sparging
and moved into the vadose zone. Fig. 1 shows a schematic image of an air-sparging system.
During air sparging, pressurized air is injected into saturated water. The injected air then flows up to the surface, creating
air passageways. The contaminants within these air passages are thus volatilized. The vapors are then captured through
soil-vapor-extraction wells. Air sparging can also be used to mitigate liquefaction (Marley et al., 1996). During an
earthquake, due to the sudden rise in the excess pore-water pressure (in excess of hydrostatic pressure), a sudden drop in
the effective stress can occur, resulting in the loss of shear strength in saturated, loose sandy layers. This process is called
liquefaction, which is the source of large settlements and foundation/structure damage (Yegian et al., 2007). Research
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has shown that a small reduction in the degree of saturation of fully water-saturated sands can result in mitigation of the
shear-strength loss due to liquefaction. Yegian et al. (2007) proposed and proved that a method referred to by them as
IPS (induced partial saturation) can also mitigate liquefaction.
Air sparging used for remediation or liquefaction mitigation is, however, limited by random air-channel formation (Elder
and Benson, 1999; Farid et al., 2015; Azad et al., 2013), which creates a mass transfer zone (MTZ) of limited size within
and adjacent to formed air channels (Braida and Ong, 2001; Ji et al., 1993). Therefore, the current air-sparging practice
can take months or years, can be costly and ineffective, and can lead to incomplete remediation. One of the most popular
methods to enhance air sparging’s effectiveness is pulsating the air-injection pumps (Benner et al., 2002), hoping new
air channels will be created elsewhere. Pulsation is also time-consuming and not guaranteed to create new air channels
elsewhere. In other words, the initial channels may displace soil particles, creating preferential paths for new channels,
which prevents new air channels from being formed elsewhere, thus, preventing the MTZ from spreading into untreated
regions. Hu et al. (2010) studied the effect of soil-grain size and initial-injection air pressure on the ZOI angle with the
vertical line and the vertical profile of the ZOI shape.
This study focuses on the major goal of understanding the effect of the initial and any further increase in the injected air’s
pressures and overburden pressure (due to the unsaturated soil layer) on air-channel formation (especially the ROI) within
saturated soil, in order to find ways to enhance air sparging’s effectiveness.
Background
Soil Characteristic Phase Parameters
Soil porosity (n) and void ratio (e) refer to the part of a soil volume not occupied with soil particles or organic matter.
Pore spaces are usually filled with air, other gases, or water. Porosity and void ratio are measures of void spaces in soil
(𝑉𝑣 ). Porosity is the ratio of the void volume over the total volume (𝑉𝑡 ) usually presented in percentage (0% – 100%).
𝑛=

𝑉𝑣

× 100%

𝑉𝑡

(1)

Void ratio (e) is the ratio of the void (𝑉𝑣 ) volume over the volume of solids (𝑉𝑠 ).
𝑒=

𝑉𝑣

(2)

𝑉𝑠

The degree of saturation (S) is the ratio of the liquid (such as water) volume (𝑉𝑤 ) to the void volume in a porous material
such as soil (𝑉𝑣 ), usually presented in percentage.
𝑆=

𝑉𝑤
𝑉𝑣

× 100%

(3)

Major Design Factors for Air Sparging
A working knowledge of the extent and nature of airflow through saturated soils is important in order to find the optimum
design of air-sparging systems and the estimation of this field performance. The zone of influence (ZOI) is defined as the
region of soil treated by a given injection or extraction well. The radial distance from the well to the outer edge of this
zone is known as the radius of influence (ROI). The ROI is a critical design parameter for a field system because an
overestimated ROI will lead to inadequate subsurface treatment while an underestimated ROI will lead to an unnecessary
number of wells. The efficiency of an in-situ air-sparging system is controlled by the extent of contact between the
injected air and contaminated soil as well as the residence time of air in soil. The zone of influence (ZOI), the airflow
pattern, and air distribution during remediation using air sparging are major design factors (Semer, 1998). Lundegrad and
Andersen (1996) reported that the ZOI was cone-shaped, while several other researchers reported parabolic-shaped ZOI.
They all agree that the size of the ZOI becomes smaller for soils with larger-sized particles. The angle of ZOI, which is
the angle between the vertical axis and the ZOI boundary, has been reported to be between 15° for gravel and 56° for
fine sands (Nyer and Suthersan, 1993; Suthersan and Raton, 1999, Reddy and Adams, 2001; Reddy el., 1995).
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Gas-Phase Flow Pattern
According to research by Semer et al. (1998), two types of gas-phase flow patterns are formed in in-situ air sparging
(ISAS) based on the properties of the soil: (i) air-bubble flow pattern and (ii) air-channel flow pattern. The gas-phase
distribution during ISAS is complex due to the intricate nature of aquifer material and the forces controlling the
multiphase flow within porous media. Multiple airflow patterns (both bubbles and channels) may exist depending on the
aquifer characteristics, especially if a double-porosity nature exists. A fundamental understanding of mechanisms
determining the occurrence of each pattern is important in order to better design air sparging. Pore size, which is generally
dependent on grain size, plays the primary role in determining the flow pattern (Semer, 1998). Air-channel formation
will occur in porous media with grains equal to or less in size than 1 to 2 mm (Brooks et al., 1999); this is in a very
uniform gradation case. Air-bubble formation will generally occur in media with grains greater in size than 1 to 2 mm
(Brooks et al., 1999).
Methods to Prepare Homogeneous Soil Samples
There are several methods of homogenous soil-sample preparation. The pluviation method is a method to prepare
homogenous granular media. There are two types of pluviation methods: wet pluviation and dry pluviation. Dry- and
wet-pluviation methods are used to prepare dry or fully water-saturated samples, respectively. In the wet-pluviation
method, the water will be poured up to a predetermined level, and then soil will be gently and uniformly poured into the
water through a uniformly moving funnel. In the dry-pluviation method, the soil will be uniformly poured into the
container through a uniformly moving funnel. These methods offer several advantages, including higher, bettercontrolled dry density; no particle crushing; less segregation; and better repeatability. In addition, the pluviation method
can be performed with greater facility in shorter time in comparison with other methods. We selected the wet-pluviation
method to prepare the water-saturated layer, which is a specimen preparation technique very well suited for preparation
of large, fully water-saturated, homogeneous specimens of this work (Bayat et al., 2009).
Materials and Methods
The experiments were performed in a 61.5cm × 40cm × 15cm clear acrylic tank. Digital imaging of the top of the tank
was performed to quantitatively analyze the airflow induced into fully water-saturated glass-bead media and to determine,
in future experiments, the electromagnetic (EM) stimulation effect on air sparging. The EM stimulation effect does not
fit within the scope of this paper and is explained in another paper by the authors (Farid et al., 2015). The imaging was
performed using a Cannon Rebel T2i 18-Megapixel digital camera.
Fig. 1 shows the test apparatus used for air sparging through the glass-bead medium and the location of the air-injection
well. The test-apparatus walls are 0.6 cm thick. Three perforated acrylic panels covered with geotextile fabric were placed
at the bottom and the two sides of the tank to create three rechargeable reservoirs. Geotextile was used to create the
rechargeable reservoirs. Thus, water can easily pass through the geotextile, but glass beads cannot. The compartment
surrounded by the three perforated panels was used to contain the glass-bead medium. The three regions between the
perforated inner panels and the solid outer walls act as reservoirs for water, aiding seepage regulation, stabilization of the
water table, or drainage/recharge. An inflow valve was installed on the front side of the tank at a height of 3 cm above
the bottom reservoir’s bottom. Two outflow valves were installed on the outer sides of the side reservoirs at a height of
20 cm above their bottom. Two removable PVC stiffeners were designed and installed to provide more stiffness to the
box.
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Fig. 1. Schematic of 61.5cm × 40cm × 15cm experimental box.
A PVC tube was used to simulate the air-injection well. The tube has a 2.15cm outside diameter, 1.6cm inside diameter,
and 50cm length. Four 1.6mm diameter holes were drilled symmetrically along the lower 3 cm of the tube to allow
symmetric air transfer into the glass-bead medium. The end of the tube is plugged. An acrylic plate was placed above the
tank to support the tube in its proper location within the box. The tube, used for air injection, was placed in the middle of
the top plate with its plugged bottom resting 3 cm above the bottom of the glass-bead-filled middle compartment (7 cm
above the tank bottom). The injection tube is connected to an air-supply faucet provided in the lab. Fig. 2 shows the airinjection setup in detail.

Fig. 2. Adjustable air-injection well, including pressure gauge and valve.
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The air-injection system was designed to inject air in a symmetric way. A ¼inch clear PVC tube was used as a connection
between the source of air and the air-injection tube. A flowmeter was provided to measure the airflow rate, located before
the air-injection well. A pressure gauge was located right after the flowmeter to measure the air-injection pressure
entering the well (Fig. 2). A Dwyer VFA-8-BV flowmeter was used for this study, which is proper for the pressure range
of this study. The scale unit of this flowmeter is SCFH (standard cubic feet per minute of volumetric flow rate of gas at
the set standard condition of 49o C maximum temperature and 960 kPa for pressure, Fig. 3). A camera was located at the
top of the box to take top-view images of the ZOI. Another camera was also placed against the front side of the box to
take front-view images.

Fig. 3. Flowmeter and pressure gauge.
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Fig. 4. Experimental box including air-injection well, three recharge valves, loop antenna, stiffeners, and camera.
The opacity of natural soil prevents the direct observation of airflow patterns during air sparging. Hence, transparent
glass beads were used in this study to both simulate the natural soil and facilitate visual observation. Glass beads used
for this study are Class-A Ballotini impact-beads from Potters Company with a specific gravity of 2.46 g/cm3. Table 1
shows the properties of the glass beads.
Table 1. Properties of Glass Beads.
Potters

U.S.

Maximum

Minimum

Maximum

Minimum

Minimum %

Designation

Sieve #

Size

Size

Size

Size

of Round

(Inches)

(Inches)

(Microns)

(Microns)

Beads

0.0331

0.0234

850

600

65

Class A

20-30

Both wet and dry pluviation were used to prepare the fully water-saturated and dry sample, respectively. As mentioned,
during the wet-pluviation method, water was first poured into the box up to a predetermined level. The amount of water
was predetermined for each configuration of the tests according to their design. Glass beads were then gently poured into
water using a funnel located 20 cm above the water table in order to allow for preparation of a homogenous fully watersaturated glass-bead medium. The top surface of the glass-bead medium was gently smoothed over, and pooling of water
on top of the soil was not allowed. This process was performed carefully to avoid the creation of layering to avoid possible
creation of preferential air-passage paths. This procedure was continued until the desired thickness of the medium was
reached (Table 2). The mass and volume of the placed glass beads were measured, and the porosity of the medium was
then calculated.
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Experiment Procedure
Two configurations (C1and C2) were designed and prepared, and airflow patterns were observed for those two
configurations. These configurations (C1and C2) were designed to evaluate the effect of the thickness of a partially
saturated zone and the homogeneity of the configuration of the ZOI during air sparging. These two configurations (C1and
C2) have the same thickness of fully water-saturated glass beads but are different in the thickness of the partially saturated
zone and air (Fig. 5). Table 2 shows the properties of these configurations, and Fig. 5 shows schematic Configurations
C1and C2. In theory, it is desired that both configurations (C1 and C2) be identical and, hence, have the same porosity,
but because of the pluviation method and as in any other experimental work, the actual porosities of the two
configurations are slightly different (by 2%).
Table 2. Properties of Glass-Bead Configurations
Configuration

Particle

Total Height of

Height of

Height of

Sample

Saturated

Unsaturated

(cm)

Layer (cm)

Layer (cm)

U.S.
No.

Size

Porosity

Sieve #
(mm)
C1

0.6-0.85

20-30

28

24

4

62%

C2

0.6-0.85

20-30

36

24

12

60%

Fig. 5. Schematics of two configurations with various thicknesses of partially saturated zones: a) Configuration C1, b)
Configuration C2.
To prepare Configuration C1 using dry and wet pluviation methods, water was first poured to a predetermined level of
18 cm (16.8 liters), and then 24.6 kg of glass beads were gently poured through a funnel located 20 cm above the water
table into water using the wet pluviation technique (Vaid and Negussey, 1998). Fig. 6 shows the medium preparation.
The process of sample preparation for Configuration C2 is the same as that of Configuration C1, except the thickness of
the amount of the dry zone is different. For Configuration C2, 16.8 L of water and 29 kg of glass beads were used.
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Fig. 6. Preparing Configuration C2 in clean soil lab using wet-pluviation method.
Air injection into the medium was performed at various air-pressure levels from 14 to 60 kPa. The air-injection pressure
was measured at the entrance of the injection well. Then, after the channels were formed, the airflow pattern was observed
on the front face of the box. The airflow rate was also measured using a flowmeter (Dwyer VFA-8-BV). Table 3 shows
the experimental conditions for various air-injection pressure levels. Every experiment presented in this paper was
repeated at least three times to confirm the repeatability of experiments. The size of ROI measured in all repetitions (i.e.,
repeats at the same initiation air pressure) did not change, which confirms that pulsation will not change the shape of
ZOIs and the size of ROIs. However, no microscopic observation was made to confirm whether the air bubbles and
channels change shape or move with ZOIs. Hence, the effectiveness of pulsation to improve the efficiency of air sparging
cannot be evaluated using the repeatability evaluation tests of this paper.
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Table 3. Experimental Sets.
Group

Configuration

Initial Air-Injection

No.

No.

Pressure

Observation Purpose

Number of
Experiments

(kPa)
1

C1

14, 40, 45, 57, 60,65

Effect of initial air-injection

5 × 3 = 15

2

C2

14, 40, 45, 57, 60,65

pressure on airflow pattern

5 × 3 = 15

&
Effect of further increase in airinjection pressure on airflow
pattern.
There were two different groups of experiments performed. The first group is referred to as Group A. This group is
performed to study the effect of the air-injection pressure level on the initiation of air channels (creating new channels).
The second group, referred to as Group B, is performed to study the effect of the increase in the air-injection pressure on
already formed air channels (deforming old channels). Group A and B experiments were performed for both
Configurations C1 and C2. Results of these two groups of experiments are compared to evaluate the effect of the thickness
of the partially saturated zone (top dry or partially saturated layer) on the size of the ZOI. Each experiment was performed
three times resulting in fifteen total tests for each configuration.
Group-A Experiments
All glass-bead configurations were prepared using the dry- and wet-pluviation methods described in the previous section.
Then air was injected into the bottom of the saturated medium. Thereafter, the size of the projection of the zone of
influence (ZOI) observed on the front side of the box for Configurations C1 and C2 was measured. The top views of the
ZOI for Configurations C1 and C2 were not visible because of the existence of the partially saturated top layer. At the
moment of air injection into the saturated medium (initial air injection), the ZOI was created, and the size of the ROI was
established and remained constant over the time. After forming the ZOI, the size of the ROI was measured. Later on, the
air-injection system was turned off. There are two options to achieve fresh systems: one is to empty the box and create a
new sample using the dry- and wet-pluviation methods; the second option, which saves time, is to drain and recharge the
water through the bottom of the box. The process of drainage-recharge includes draining the water through the bottom
of the box, leaving the sample untouched for 24 hours (referred to as resting time) until air channels disappeared, and
then re-saturating the glass-bead medium through the bottom with the exact amount of water as the first round (referred
to as recharge). Draining water through the bottom, having a one-day resting time, and saturating the medium through
the bottom provide a condition for the channels to disappear and prepare the sample for the next rounds.
It was necessary to prove that the two options create equally fresh samples and that the previous air injection has no effect
on the drained-recharged samples. Hence, air injection was performed on both newly pluviated samples (referred to as
virgin) and drained-recharged samples. The results of the ZOI measurement for virgin samples were the same as the ZOI
measurement of drained-recharged samples. Therefore, the drainage-recharge procedure is sufficient to create fresh
samples for measuring the ZOIs, which give the same results as those of the virgin samples. In other words, the drainagerecharge process helps eliminate all channels and prepare a sample exactly the same as freshly pluviated samples.
After drainage-recharge of the sample, the air-injection system was turned on to inject air at different initial pressure
levels, and the projection of the ZOI was measured on the front of the box for Configurations C1 and C2. The ROI was
measured and compared with the size of the ROI at different initial air-injection pressures for each configuration. The
results for Configurations C1 and C2 are also compared to evaluate the effect of the thickness of the partially saturated
top layer on the size and shape of the ZOI.
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Group B Experiments
As mentioned for Group A, Configurations C1 and C2 were first prepared using the dry- and wet-pluviation method. Air
was then injected into the bottom of the water-saturated medium at specific initial pressure levels for each configuration,
and the size of the ROI was recorded. Then the air-injection pressure was further increased (without shutting down the
air-injection system) to evaluate the effect of a further increase in air-injection pressure on the size of already formed
ZOI. Thereafter, the samples were drained-recharged using the same method described for Group A, and the experiments
were performed at other initial air-injection pressures followed by a further increase in the air-injection pressure to
evaluate the effect of a further increase in air-injection pressure on the size of the ROI for various initial air-injection
pressures.
Summary of Results
These two groups (Groups A and B) of experiments featured 0.8mm glass beads as a simulant for granular soil media.
The glass-bead media include saturated and unsaturated zones prepared using wet- and dry-pluviation methods, subjected
to hydrostatic water (no flow). Wet- and dry-pluviation methods provide very homogenous, saturated and unsaturated
zones. These groups of experiments were performed to study the effect of initial air-injection pressure and a further
increase in air-injection pressure on the size and shape of the ZOI. As mentioned, air injection into the medium is initiated
using various air-pressure levels from 14 to 60 kPa (the air-injection pressure measured at the entrance of the injection
well). Thereafter, the airflow pattern was observed on the front face of the box. The airflow rate was measured using a
flowmeter. Table 4 shows measured flow-rate values at different air-injection pressure levels.
Table 4. Airflow rate at different air-injection pressure levels.
Air-injection pressure (kPa)

Airflow rate (SCFH)

14

30

40

50

45

55

57

60

60

70

When air was injected at a pressure of 14 kPa into C1, the air formed channels, and the ZOI was cone-shaped (Fig. 7).
The pressure was then further increased, and the airflow pattern was again observed to evaluate the effect of the further
increase in the air-injection pressure on the size and shape of the ZOI. Even when the pressure was further increased to
60 kPa, the size and shape of the ZOI did not change.

10

This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at
Environmental Geotechnics, published by ICE Publishing. Copyright restrictions may apply. https://doi.org/10.1680/jenge.18.00096.

Fig. 7. The side view of the ZOI for Configuration C1.
The maximum radius of influence (ROI) was reached right after the initiation of air injection and was not altered by any
level of further increase in the air pressure. The experiment was repeated at different initial air-injection pressure levels
to evaluate the effect of the initial air-injection pressure and further increase in air pressure on the size and shape of the
ZOI. The results show that when the initial air-injection pressure is higher, the ROI will be larger, as shown in Fig. 8;
however, no ROI change is observed with any further increase in the air pressure after the initial formation of the ZOI.
For example, the ROI generated by the initial air-injection pressure of 45 kPa was measured to be 14.5 cm for C1, which
never changed with the further increase in air pressure up to 60 kPa after the initial formation of air channels.
The radius of influence (ROI) was measured to be 16 cm at the initial air-injection pressure of 57 kPa and remained at
16 cm. On the other hand, 57 kPa seemed be a limit for the effect of the initial air-injection pressure. In other words, even
initial air-pressure levels set beyond 57 kPa initiate an ROI limited at 16 cm. This limit seemed to be controlled by the
overburden glass-bead pressure. Based on these results, a limit in the size of the radius of influence (ROI) has been
reached when the initial air-injection pressure was set at 57 kPa for C1. This limit in value is expected to depend on the
overburden pressure (i.e., the effective vertical stress due to the glass beads above), box geometry, and the grain-size
distribution of the porous medium. Effective stress is the equivalent distributed (over the gross area) stress due the contact
pressure between soil grains. Effective stress can be calculated by subtracting the pore-water pressure from the total
stress.
These groups of experiments (Groups A and B) were also performed for Configuration C2 and at the same condition
(airflow rate, air-injection pressure). As shown in Table 2, Configuration C2 has a different thickness of partially saturated
zone from Configuration C1. The airflow pattern was then observed on the front face of the box, as in Configuration C1.
The results show that air moved in channels, and the shape of the ZOI was cone-shaped, but the size of the ROI increased
in comparison with the ROI in Configuration C1 at the same initial air-injection pressure. The effect of overburden (i.e.,
the difference in the thickness of the partially saturated zone) on the size of the ZOI can be studied by comparing the
results of Configurations C1 and C2. The results also illustrate that, similarly, the size of the ROI did not increase in spite
of any further increase in the air-injection pressure for C2 either. The experiment was performed at various initial airinjection pressure levels and then the pressure was further increased. The effect of a further increase in air-injection
pressure for both C1 and C2 are shown in Fig. 9.
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Fig. 8. The effect of an increase in the initial air-injection pressure (Group A), Configurations C1 and C2. Three trials
were performed, whose results are shown.

Fig. 9. The effect of a further increase in air-injection pressure (Group B), Configurations C1 and C2 at various initial
air-injection pressures: a) 14 kPa, b) 40 kPa, and c) 45 kPa.
To summarize, the results show that the increase in the initial air-injection pressure results in a larger ROI; however, a
further increase in the air pressure after air channels are already formed may affect the air concentration within the air
channels but has no effect on the ROI. The radius of influence increased from 12 cm to 21.5 cm when the initial air-
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injection pressure increased from 14 kPa to 45 kPa for Configuration C2 (Fig. 9). For the geometry of the box, the ROI
remained constant at 21.5 cm when the initial air pressure was increased further up to 57 kPa. Air-injection pressures
higher than 57 kPa can disturb the glass-bead packing and move the glass-bead grains. Hence, there is a limitation for
each configuration based on the thickness of the partially saturated zone (effective overburden pressure). Based on these
results, the same limit on the size of the ROI has been reached in smaller initial air-injection pressures for Configuration
C2 compared to Configuration C1. The ROI size as a function of the initial air-injection pressure is shown for
Configurations C1 and C2 in Fig. 9. In other words, this limiting value of ROI for the initial air-injection pressure still
exits for the porous medium and box geometry based on the overburden pressure. However, it is reached at a lower airpressure level.
The results show that the ROI of the formed channels is decided by the initial air-injection pressure. Fig. 9 shows that at
a constant pressure, the size of the ROI will increase by increasing the overburden thickness of the partially saturated
zone. By increasing the thickness of the partially saturated zone, the effective vertical stress at the level of the bottom of
the air-injection well increases; then the ZOI at a higher overburden can be larger, even at the same initial air-injection
pressure (Fig. 10). In other words, the size of the ROI is decided by the magnitude of the initial air-injection pressure and
the overburden pressure (in this case, controlled by the contrasting thickness of the partially saturated zone). The ROI is,
hence, a function of the initial air-injection pressure and overburden pressure. The results also show that the ROI of the
formed channels, decided by the initial air-injection pressure, does not change by any further increase in air pressure. In
other words, the resulting fully formed channels are very stable and will not change by any further increase in air-injection
pressure. Within the unstimulated test (Group A), no further increase in air-injection pressure can change the ZOI shape
and ROI size of already formed channels.

Fig. 10. The effect of overburden pressure in different air-injection pressures on the ROI.
Conclusions
This research investigates the effect of air pressure levels on air-channel formation during air sparging. This study
investigated the effect of the overburden pressure at the injection depth (through variations in the partially saturated
thickness of the porous medium) on characteristics of an unstimulated (i.e., no EM waves) ZOI during air sparging. On
the other hand, the results of this paper are needed to study the effects of electromagnetic waves (EM) stimulation on the
ZOI in another companion paper (Farid et al., 2017). To reach the goal, two experimental configurations (C1 and C2)
with different overburdens (by various thicknesses of partially saturated zones) were designed. Then the effects of the
initial air-injection pressure on initiation of the ZOI and the effect of a further increase in the air-injection pressure on the
already formed ZOI were studied.
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The results show that the side view of the shape of the ZOI is cone shaped for Configurations C1 and C2. The overburden
(in this case, varied by varying the thickness of the partially saturated layer of glass beads) plays a role in determining
the size of the ZOI (i.e., ROI) during air sparging. At equal initial air-injection pressure, the configuration with a higher
overburden pressure (due to a thicker partially saturated zone of glass beads) has a larger ROI in comparison with the
configuration with a lower overburden pressure (due to a thinner partially saturated zone). The initial air-injection
pressure is also another determinative factor on the size of the ZOI (i.e., ROI). Larger initial air-injection pressure levels
lead to a larger size of the ZOI (i.e., ROI) for all configurations.
In other words, there is a limitation for the ROI, regardless of how high the initial air-injection pressure reaches, for any
specific geometry and overburden pressure. This limitation of ROI is different for each configuration with different
overburden pressures (due to various thicknesses of the partially saturated glass-bead layer). The configuration with a
higher overburden pressure (i.e., a thicker partially saturated zone of glass beads) reaches the limitation of the ROI at a
lower air-injection pressure in comparison with the configuration with a lower overburden pressure (due to a thinner
partially saturated zone).
However, a further increase in air-injection pressure has no effect on the shape and size of the ZOI. In other words,
already formed ZOIs are very stable and hard to alter. After formation of air channels, the shape and size of the ZOI does
not change even under large further increases in air-injection pressure. This work and its results are referred to as an
unstimulated study since a similar study has been performed to investigate the effects of EM waves on the airflow pattern
during air sparging, which is presented in a companion paper (Farid et al., 2017).
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List of Notation
AS

Air Sparging

EM

Electromagnetic Wave

MTZ

Mass Transfer Zone

ROI

Radius of Influence

SVE

Soil Vapor Extraction

VOC

Volatile Organic Compound

ZOI

Zone of Influence
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